In the present work we study and compare unfolding of a small protein, chicken villin headpiece (HP-36) in two different aqueous binary mixtures, namely water-ethanol (EtOH) and water-dimethyl sulphoxide (DMSO). In both the binary mixtures, HP-36 is found to unfold (fully or partially, depending on the mixture) under ambient conditions, that otherwise requires temperature as high as ~600 K to denature in pure aqueous solvent. In all the cases, first step of unfolding is found to be similar, i.e. separation of the cluster formed by three hydrophobic 
I. Introduction
While a general picture of protein folding and unfolding is beginning to emerge using the concept of an energy-entropy funnel with intrinsic ruggedness [1, 2] , the details of the kinetics and pathways are still far from our understanding at present. The reason is the absence of information of local changes involved in these transitions. Recent advances in two dimensional infrared (2D-IR) vibrational echo spectroscopic techniques, pioneered by among others, Fayer and coworkers, have developed a reliable method to measure dynamics of the proteins that is sensitive to the details of spatial arrangement of amino acid residues around a given peptide group [3] [4] [5] [6] . 2D-IR spectroscopy allows unprecedented accuracy of time scale (in the ps range) of local motion that is required to study protein unfolding in particular, whereas conventional techniques (like NMR) are reliable only at longer time scales (in the order of ns). In this article we propose and study unfolding of a small protein with particular emphasis on melting/unfolding of secondary structure. The novelty of the present work is the use of suitable aqueous binary mixtures whose composition can be varied to induce unfolding at ambient conditions. This allows a direct comparison between experiments and theory aided by the simulations performed.
The funnel picture of protein folding was essentially introduced by Bryngelson and Wolynes in their landmark work in 1989 [1] . They described a two order parameter theory to understand the dynamics from extended or unfolded state to final compact native state. Two order parameters introduced to formulate the model are essentially (i) the fraction of native contacts ( )  and (ii) the radius of the biopolymer (R). By employing a Flory type theory for polymer collapse [7] , they derived a two dimensional free energy surface of protein folding that depends on these two order parameters  and R, in addition to depending on the thermodynamic parameters like temperature and solvent condition. Bryngelson and Wolyness applied a Smoluchowskii type diffusion equation
to express the motion of the protein in two dimensional ( -R) configuration space. The free energy surface constructed by them thus contains two minima, one for the extended state characterized by small value of  and large value of R, and the second one for native state distinguished by large  and small R. Protein folding phenomenon was then described as transition of the protein from extended state minimum to the global native state minimum. While developing the theory, Bryngelson and Wolynes invoked the concept of "principle of minimum frustration" [1, 2] . The principle fundamentally gives the idea that, for a particular protein amino acid sequences are chosen in such a way so that native state is the most stable state. Thus the undesired amino acid interactions in the folding pathway are minimized so that formation of native state is a very smooth process, thereby minimizing the frustration that tends to create in the folding pathway. Nevertheless, even though the level of frustration is reduced naturally, some of it is left in the system due to presence of local minima in the energy landscapes of protein. The outcome of sequence dependent stabilization of native state is that free energy surface of protein folding can be viewed as 'funneled energy landscapes' that are critically directed towards the native state [8] . Thus the folding funnel landscape describes protein folding phenomenon as folding of protein to the native state through any of the possible large number of pathways and intermediates, rather than choosing a single mechanism. Although some proteins seem to show unique folding path through welldefined intermediate states, many aspects of folding picture have been accepted by the community at large. It is expected that different pathways could be accessed under different conditions, to achieve the same native state.
Recently, there has been substantial insight regarding the knowledge of native states as well as the stable intermediate states of several proteins [9] [10] [11] [12] . However, less information is available about the path followed by protein to fold to correct, native state and the characteristics of the intermediates along the way. These intermediates are mostly short lived and thus very difficult to trap [13] . Due to formation of such unstable intermediates in the pathway of unfolding most of the studies on protein folding focus on the native state conformation rather than looking at the unfolded states [14, 15] .
The energy landscape of a particular protein is perturbed by various external factors that include temperature, pressure as well as nature of solvents. Water is found to be a universal solvent for proteins, stabilizing the native state in most of the cases [16, 17] . Many computer simulation studies have been carried out with water as the solvent [18, 19] . Folding pathway under such condition is dominated by hydrophobic and hydrophilic interactions among the amino acid residues of the protein and also hydrogen bonding propensity of side chains and backbone amide groups among themselves as well as with surrounding water molecules.
In contrast to the theoretical studies, experimental studies of protein folding and other kinetic studies involving enzymes seldom employ pure water, and a variety of co-solvents are being used for solvating such biomolecular systems before undergoing experiments. These co-solvents are found to play diverse roles in influencing the structural transitions of such systems. While some co-solvents are famous for stabilizing the native structures (glycerol, trimethyl amine N-oxide), some bring about denaturation in the same (urea, guanidium chloride).
Although an impressive number of studies have been devoted to explore the dynamics of water around a biomolecule [20] [21] [22] [23] [32] . In another work, it has been shown that fluorinated ethanol (trifluoroethanol, TFE) brings in conformational transition in proteins to form new stable conformational states that resemble 'molten globule' intermediate characterized by high α-helical content and disrupted tertiary structure [33, 34] . Various studies of biomolecules in water-ethanol have revealed that due to structural transformation from the typical tetrahedrallike water to the chain-like alcohol clusters in alcohol-water mixtures, secondary structures of proteins change from β-strand to α-helical strand near the transition concentration [35] . A recent study of the protein chymotrypsin inhibitor-2 (CI2) in aqueous ethanol shows an increase of radius of gyration up to mole fraction of ethanol x EtOH ~ 0.2 and after that the following decreases significantly [36] . The universal feature of alcohol induced structural change of the protein from β-strand to α-helix is demonstrated in this work.
These interesting studies have driven us to explore how the structure of a small protein rearranges with adding
ethanol concentration and what is the microscopic reason behind the same. In a very recent study we could identify the sequence of steps that takes place while unfolding of a protein in water-DMSO binary mixture as the DMSO concentration is increased [37] . In particular, the anomalies in the mixture around x DMSO ~ 0.15 add interesting twist to the story. However, no systematic theoretical study seems to exist on unfolding in waterethanol binary mixture. As unfolding can be induced in mixed solvents by varying composition of the solute or co-solvent, it provides us with a great opportunity to study various aspects of unfolding, especially the sensitivity to varying environment and hence a glimpse of the energy landscape of the protein. HP-36 is a small globular protein that represents the thermostable subdomain present at extreme C terminus of the 76-residue chicken villin headpiece domain [38, 39] . Villin is a unique protein which can both assemble and disassemble actin structures. HP-36 contains one of the two F-actin binding sites in villin necessary for F-actin bundling activity [40, 41] . It is a very interesting protein that although being a very small one, comprises of three α-helices as well as one compact hydrophobic core thereby bearing characteristic of large proteins. The three α-helices are denoted as helix 1 (Asp-4 to Lys-8), helix 2 (Arg-15 to Phe-18), and helix 3 (Leu-23 to Glu-32).The biological activity is believed to be centered on helix 3 [41] . Thus simulation studies with this protein are computationally less expensive. In earlier works, a model of the protein was extensively studied by constructing a hydropathy scale for the constituting amino acids, thereby exploring the correlation between energy landscape and folding topology of the same [42, 43] . Further atomistic simulation study of HP 36 in water revealed that the protein is extremely stable in water, and partially unfolded molten globule state was achieved on increasing the temperature as high as 600K [44] .
The following article reveals several interesting results based on the molecular dynamics study of HP 36 in aqueous ethanol solutions of increasing ethanol concentration. We demonstrate unusual dynamical variation of structure of the protein along with change in ethanol concentration and correlate the same with the anomalous behavior of water-ethanol binary mixture at particular critical concentrations, which is brought about by the aggregation of ethanol molecules. It is found that with progressive addition of ethanol the protein goes through a structural transition, initially unfolding partially followed by refolding of the same. 
II. Simulation Details
Details of water-DMSO studies have been reported elsewhere [37] , so we discuss only water-ethanol system details here. We have performed molecular dynamics simulation of the protein HP-36 in water ethanol binary mixture at various ethanol concentrations. All the simulations are done at 300 K temperature and 1 bar pressure.
The simulations are initiated with the crystal structure of HP-36 that is obtained from NMR data of the villin headpiece Subdomain [38, 39] . The coordinates of the crystal structure are collected from Protein Data Bank (PDB code 1VII). The terminal residues of the protein (Met1 and Phe36) are capped properly. We have used the extended simple point charge model (SPC/E) for water [41] . We have treated the ethanol molecules as united and 0.40 respectively). After performing steepest descent energy minimization, equilibration of the system was done for 2 ns keeping temperature and volume constant. After that we again performed an equilibration for 2 ns keeping pressure and temperature constant. Finally production run was executed for 20 ns in a NPT ensemble.
Temperature was kept constant using Nose-Hoover Thermostat [47] and Parinello-Rahman Barostat [48] was used for pressure coupling. After preparing the binary mixtures, protein was dissolved in each of them and again same procedure was followed for energy minimization. The box size taken in this case is larger (~7 nm), to accommodate the protein as well as permitting better solvation by housing more solvent molecules in the box. The solvent was further equilibrated for 20 ns by restraining the position of protein while allowing the solvent to move. This method is popularly known as position restrained molecular dynamics simulation. Finally production run was performed for 100 ns in NPT ensemble. Periodic boundary conditions were applied and non-bonded force calculations were employed by applying grid system for neighbor searching [49] . The cut-off radius taken for neighbor list and van der Waals interaction was 1.4 nm. To calculate electrostatic interactions we used particle mesh Ewald (PME) with a grid spacing of 0.16 nm and an interpolation order of 4.
III. Study of Protein Unfolding in Water-Ethanol Binary Mixture
As already discussed in the Introduction section, water-ethanol binary mixture exhibits interesting anomalies over a wide range of composition which are reflected in various physicochemical properties [50, 51] . In our earlier work [27] , we had shown that the anomalies in low concentration limit of water-ethanol binary mixture arise to due to emergence of unexpected microheterogenity in the system. This is attributed to the formation of ethanol clusters through hydrophobic and hydrophilic interactions between the ethyl and hydroxyl groups respectively at a concentration range 0.06 0.10
Now when a biomolecular system is dissolved in such mixed aqueous solution, their structural and dynamical
properties are expected to change as a function of solvent composition. In fact, we found that in the concentration range as low as 0.05 eth x  , the collapsed state of a homopolymer gains surprising stability, while in bulk water the same chain exhibits bistability between the collapsed and extended states [27] . We further intended to see the effect of such aggregation in the mixed solvent system on a more pragmatic system such as a protein.
Thus we have taken a small protein HP-36 that bears characteristics of large proteins due to the presence of 3 α-helices and a hydrophobic core. Our objective is to explore the effect of change of ethanol concentration on the dynamic properties of the protein.
A. Solvent Composition Dependent Structural Changes of Protein: Variation of C-α RMSD and Radius of Gyration
The standard way of analyzing structural stability of a protein in a MD simulation is to monitor the root mean square deviation (RMSD) from the initial structure along the simulation. The dynamical change of RMSD of C-α backbone of the protein along with change in ethanol concentration is shown in Figure 1a . In order to see the structural changes induced by varying concentration of ethanol, we follow the snapshots of the protein during different stages of simulation. In Figure 4 we provide the structures obtained after equilibrium is reached in the system. We find that at 0.05 eth x  , partial unfolding is initiated by disruption of Helix 2 region, as well as deformation of hydrophobic core that comprises of Phe-7, Phe-11 and Phe18. Same initial pathway towards unfolding was found to be followed by the protein in case of earlier simulation studies Helix-2, keeping Helix-3 intact. These unpredictable structural fluctuations provide highly interesting results, and perhaps this work reports first ever systematic study to show such fluctuating structural changes along with increasing co-solvent concentration to the best of our knowledge. These initial results demands further detailed analysis of the system that is discussed in the next sections.
D. Study of Structural Change of HP-36 through Contact Map
From the previous discussions on dynamical variation of HP 36, it is realized that the pathway of unfolding can be envisaged by a number of partially unfolded intermediates. This can be interpreted as the presence of a number of local free energy minima along the pathway of unfolding. To better understand the nature of these intermediates, we map the hydrophobic contacts present in the protein at each ethanol concentration after equilibrium is reached and compare them with the corresponding native hydrophobic contacts ( Figure 5) (2) (1) hydrophobic contacts (7-18 and 11-18 ). An important point to be noted is that in case of study of HP-36 in water-DMSO also the initial steps of unfolding were found to be the separation of hydrophobic core through the separation of Phe7-Phe18 and Phe11-Phe18 contacts [33] . In fact in case of 0.05  it is seen that almost all the secondary and tertiary contacts are restored, thereby establishing the fact that at this particular concentration the protein is again folded to a give a native-like structure. Here we find that the all the hydrophobic core contacts are reformed (7-18 and 11-18) , important tertiary contacts also reappear comprises of three phenyl alanine groups (phe-7, phe-11 and phe-18). As seen from the contact map of the native structure, these three hydrophobic residues form important tertiary contacts that contribute in correct folding of the protein. Since protein unfolding is universally observed to be associated with structural changes in hydrophobic cores, we follow the distance distribution of the three hydrophobic pairs, namely, phe7-phe18, phe11-phe18 and phe7-phe11, along the course of changing ethanol concentration (Figure 6) . We find that all the pairs are in close contact in water. However, as ethanol concentration increases these tertiary contacts start disappearing ( 0.10 eth x  ) for the two hydrophobic pairs phe7-phe18 and phe11-phe18. In distance distribution plots we find that the first peak almost vanishes, and a second peak at a larger distance starts emerging. This phenomenon essentially signifies the breakage of tertiary structure that is also reflected in the snapshot of the protein at 0.10 
G.1. Study of Water-Ethanol Binary Mixture at Different Ethanol Concentration: Ethanol molecules Associate through Hydrogen Bonding at Moderate Concentration of Ethanol in Solution
To perceive a clearer picture of the phenomena at a molecular level, we looked at the equilibrated snapshots of the box. A very interesting scenario came out from this study. We have found that at lower concentration of 
(c)
It is rather difficult to quantify the presence of such aggregated molecular species in solution due to the microscopic scale of the problem. However, we have calculated the average number of water-ethanol and ethanol-ethanol hydrogen bonds in neat water-ethanol binary mixture (Figure 9 (a) ). We indeed find that with increase in ethanol concentration average number of water-ethanol hydrogen bonds decrease significantly accompanied by marked increase in number of ethanol-ethanol hydrogen bond. Thus our observations are consolidated. We have also plotted the diffusion co-efficient of ethanol as a function of ethanol concentration to see whether such aggregation of ethanol molecules has any effect on the system as a whole (Figure 9(b) ). We 
G.2. Aggregation of Ethanol Molecules Serves as the Main Reason behind the Anomalous Structural

Variation of Protein
Clustering of ethanol molecules with increasing concentration alone explains most of the riddles that we faced further detailed analysis on the system is being carried out to achieve a more quantitative understanding.
In the next section we compare and contrast the results for HP-36 in water-ethanol with that in water-DMSO, and discuss how the structural changes for the two systems can be correlated.
IV. Unfolding of HP-36 in Water-DMSO: Comparison with the Results of Water-Ethanol
We have discussed several aspects of unfolding dynamics of HP-36 in water-DMSO binary mixture in a recent contribution [37] . DMSO concentration dependent dynamical evolution of protein trajectories from the native state to the unfolded state was thoroughly studied, along with time evolution of native contact pair formation and sequence dependent contact distance. The pathway of unfolding has been found to follow a smooth dependence on DMSO concentration, with 0.30 DMSO x  incorporating complete unfolding of the protein (Figure 10 ). A number of metastable states have been detected while investigating the intermediates formed during the course of unfolding, and they are found to be similar with the intermediates formed during thermal denaturation process of the same protein [44] . A molecular mechanism of DMSO induced unfolding process based on protein-solvent interaction has also been demonstrated. Figure 6 ). We come to the conclusion that the initial steps of unfolding induced by cosolvents pursue the same path, which is the primary separation of the hydrophobic core followed by re-coalition of the same. However at further higher concentration the scenario takes different approach for the two cases. In water-DMSO, with progressive addition of DMSO, distance between the hydrophobic pairs start increasing leading to complete unfolding of the protein. We also plot comparative average distance between these three residues to perceive a prominent picture of the corresponding unfolding pathway. (Figure 12 ), RMSD as well as equilibrium average of native contacts. Plot of these parameters for water-DMSO can be seen in reference [37] .
V. Theoretical analysis of solvent dependence of unfolding
Bryngelson-Wolynes theory of folding was developed in terms of two order parameters, namely, the fraction of native contacts, , and the radius of gyration of the protein, R G [1, 2] . Corresponding free energy surface is characterized by multiple minima, with the deepest minima ideally corresponding to the native state under normal stability conditions of the folded protein. For example, for HP-36 at ambient conditions, the deepest minimum is the native state with η close to unity and the radius R G small, close to the compact folded configuration of the protein. As the protein is made to unfold, in the present cases through increase of DMSO or EtOH concentration in the binary mixtures, the free energy surface changes, with relative stability of the native state first decreasing with the increase of solute composition. The first major act of unfolding is the melting of the hydrophobic cluster formed by phenylalanines at 7, 11 and 18 positions. However, the details seem to depend critically on solvent conditions. In particular, the sequence of unfolding depends on relative depths of various minima and is hard to quantify. Solvent composition dependence allows one to probe the relative minima.
We have recently proposed a theoretical scheme to describe unfolding that combines aspects of BryngelsonWolynes theory with Marcus theory of electron transfer [37, [52] [53] . The basic idea is to introduce (i) a set of local structural order parameters {η i } to describe formation of native secondary structures like helices and beta strands and (ii) another set of order parameters,   i R to describe pair separation distances between amino acid residues that form tertiary native contacts in the folded state.
For HP-36, we may retain only three order parameters, η 1 , η 2 and η 3 to describe formation of three helices.
Simulations show that these three helices form and break at different stages.
Determination of the distance set {R i } is a bit more difficult. Simulations again show that at least for HP-36
only a few such distances are practically important, like the distance between Phe-11 and Phe-18, and that between Ala-9 and Leu35 [37] . One can thus describe the unfolding process in terms of two sets of order We now follow the celebrated Marcus theory of electron transfer to incorporate essential features of the free energy surface in a rate constant [52, 53] . Let us consider the first step as separation between phe11 and phe18, accompanied by melting of the second helix. As these two order parameters (   ({ '},{ '})
where we assume, 2 2 11, 18 11,18
As mentioned, 0 G  is the free energy gap between two minima when other values of the two order parameters are kept fixed at respective values in the native state and hence contains the effect of composition dependence.
 is the harmonic frequency of the free energy surface.
In neat water, the native state configuration is more stable. Thus, barrier is large. Also, the extended state is metatsable. So, even if it forms by fluctuation, it goes back to the native, compact state.
In case of water-DMSO binary mixture, as DMSO concentration increases, the unfolded state becomes more stable, and the barrier towards formation of this state decreases. At large
, we envisage a crossover to barrier less dynamics, as in Marcus theory of electron transfer.
We can now understand the difference between the DMSO and EtOH mixtures by using the above theory. Both the two species lead to stabilization of the unfolded state, albeit more for DMSO than for EtOH. But significant difference exists at larger composition. For DMSO, the other secondary structures also melt, as the extended or molten states gain more stability in this case. However, for EtOH the story is different. Here the molten or coiled state of the amino acid residues forming the 3 rd helix, for example, never becomes more stable than the native state, in different EtOH concentrations (see schematic energy profile in Figure 13 ). Thus, it melts only partially. We now develop a simple theory to quantify the above discussions. As unfolding is a process much slower than solvent motion (or, any fast small amplitude motion of the protein), we can write down the following
Smoluchowski equation for time evolution of the probability distribution, [54] 
Where we have assumed decoupling between the order parameters. This is certainly an approximation, but seems reasonable as a first step. However, the potential functions retain a dependence on other distances implicitly.
The potential functions,  
V R n are to be regarded as potential of mean force (PMF) of the type described earlier [37] . Thus, in presence of DMSO, the energy surface,   
VI. Conclusion
The pathway of unfolding of a protein from stable native state to the extended unfolded (or, partially unfolded) state is often a complex one, comprising of unstable as well as partially stable intermediates which constitute the large number of local minima present in the free energy landscape. 
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